Although tremendous progress has been made in recent years in skin cancer care for organ transplant recipients, significant gaps remain in data-driven clinical guidelines, particularly for the treatment and prevention of cutaneous squamous cell carcinoma (cSCC), the most common malignancy among this population. In this review, we aim to summarize current knowledge around the management of cSCC and highlight the most significant gaps in knowledge that continue to pose challenges in the delivery of skin cancer care for organ transplant recipients. We suggest future directions for research that will bridge existing gaps and establish evidence-driven guidelines for primary prevention, screening and treatment of cSCC in this high-risk patient population.
Summary
Although tremendous progress has been made in recent years in skin cancer care for organ transplant recipients, significant gaps remain in data-driven clinical guidelines, particularly for the treatment and prevention of cutaneous squamous cell carcinoma (cSCC), the most common malignancy among this population. In this review, we aim to summarize current knowledge around the management of cSCC and highlight the most significant gaps in knowledge that continue to pose challenges in the delivery of skin cancer care for organ transplant recipients. We suggest future directions for research that will bridge existing gaps and establish evidence-driven guidelines for primary prevention, screening and treatment of cSCC in this high-risk patient population.
What's already known about this topic?
• Cutaneous squamous cell carcinoma is the most common malignancy in solidorgan transplant recipients and is associated with substantial morbidity.
• Gaps exist in our knowledge of treatment and prevention of squamous cell carcinoma in solid-organ transplant recipients.
What does this study add?
• We identify knowledge gaps in skin cancer management among solid-organ transplant recipients to help guide future research enabling the development of evidence-based guidelines.
Cutaneous squamous cell carcinoma (cSCC) is the most common post-transplant neoplasm in organ transplant recipients (OTR). 1 Among immunocompetent individuals, basal cell carcinoma (BCC) outnumbers cSCC approximately 4 : 1; 2 however, in OTR this ratio is reversed and cSCC is more common with a 65-to 100-fold increased incidence rate (vs. a 10-fold increased incidence rate for BCC). [3] [4] [5] cSCC carries substantial morbidity and potential mortality in OTR, with reported metastatic rates of up to 8% vs. 1% in the general population, 6 and a 3-year mortality rate of 46% for metastatic disease. [6] [7] [8] The skin cancer-related mortality among OTR is higher than mortality from either breast or colon cancer. 9 Given the high burden of disease and associated mortality, evidence-based therapeutic and preventive strategies for cSCC in OTR are important areas of clinical need. This review discusses what is known in the clinical care and control of cSCCs in OTR, and highlights research gaps that could better inform their management and prevention. The first section discusses management of cSCC in terms of surgery, radiotherapy and modification of immunotherapy, whereas the second section focuses on prevention of cSCC and includes chemoprevention, sun protection and screening. A summary of the results is provided in Table 1 .
Management of cutaneous squamous cell carcinoma in organ transplant recipients Surgery
Choosing the optimal treatment for cSCC in OTR involves considering clinical features of the tumour, including the anatomical location, size and stage, as well as patient features, such as comorbidities and patient preferences. Mohs micrographic surgery (MMS) is the most common treatment modality for high-risk cSCC. 10 While there is a paucity of data assessing MMS cure rates of cSCC in the OTR population, existing data in immunocompetent patients suggests that MMS offers the highest cure rate. 11 Surgical excision with postoperative margin assessment is an alternative option if MMS is unavailable or if patients are unable to tolerate surgery under local anaesthesia. Typically, the optimal recommended surgical margins for excision of cSCC in OTR are between 3 and 10 mm. 10 However, there are no clinical data on the proportion of residual or recurrent cSCC in OTR based on these recommended margins. Furthermore, optimal treatment of in situ cSCC is also controversial, and more long-term prospective studies are needed to compare surgery with other modalities, such as destructive treatments with cryotherapy, electrodessication and curettage, as well as topical chemotherapy.
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In high-risk OTR patients, the practical utility of sentinel lymph node biopsies (SNLB) to detect subclinical nodal disease is unclear. Emerging data suggest that SLNB may detect subclinical nodal disease with a high level of accuracy and relatively low risk of adverse effects, even for head and neck lesions. 5 However, there are no prospective studies delineating which patients are most likely to benefit from SLNB. There is a significant gap in existing data regarding the actual clinical benefit of SLNB, and further evidence-driven guidelines are needed. Current treatment guidelines are established based on expert clinical opinion and randomized controlled trial data are very limited. 10 Stasko et al. 10 developed the guidelines for cSCC management in OTR after a review of predominantly retrospective case series. Further prospective clinical trials are needed to determine optimal surgical management of cSCC in the OTR population, and to enable the establishment of guidelines based on level I clinical data.
Management of eruptive keratoacanthomas/ cutaneous squamous cell carcinoma
Keratoacanthomas and/or well-differentiated cSCC can erupt in areas of prior skin trauma, including surgery, radiation and even topical therapies. 13 While this is a rare condition, its frequency is increased in immunosuppressed populations. 13 Management can be challenging and evidence-based treatment guidelines are lacking. Multiple off-label options aimed at managing ulceration and destruction have been reported, including topical 5-fluorouracil (5-FU) and imiquimod, as well as intralesional 5-FU, methotrexate and bleomycin, for which safety in OTR has not been determined. [14] [15] [16] Topical 5-FU under zinc oxide-impregnated compression bandages (chemowraps) can be an effective treatment option. 17 Systemic retinoids can also be used to treat eruptive cSCC while reducing risk of subsequent cSCC, 18 and can be combined with targeted topical or intralesional treatments.
Management of locally aggressive disease with adjuvant radiation
Radiation is a well-accepted alternative for inoperable cSCC or for patients who are nonsurgical candidates. Postoperative radiation is used as adjuvant therapy for certain high-risk cSCC, including those with perineural invasion or incomplete resection as indicated by positive surgical margins. [19] [20] [21] The largest retrospective review investigating the impact of radiation found that surgery with adjuvant radiation for head-andneck cSCC was associated with both lower recurrence (20% vs. 43%) and higher 5-year survival (73% vs. 54%) vs. surgery alone. 22 There is limited clinical evidence for non-headand-neck cSCC, particularly in the OTR population.
Management of advanced locoregional and metastatic disease
There is no current agreement on the standard of care for the management of regionally advanced and metastatic cSCC in OTR. Current treatment approaches are similar to that of advanced locoregional or metastatic disease in the general population, which include radiation, chemotherapy and targeted therapy. On a case-by-case basis, additional strategies of immunosuppression reduction include conversion to inhibitors of mammalian target of rapamycin (mTORi) or complete withdrawal of immunosuppressive agents (renal and pancreas transplants). Clinical studies investigating immunosuppression reduction are largely limited owing to the considerable risk of graft failure.
Modifying immune suppression in organ transplant recipients to minimize skin cancer risk
Immunosuppression in OTR is divided into induction, maintenance and rejection therapy. Induction therapy is given around the time of transplantation and in the immediate postoperative period to prevent acute rejection and allow delayed initiation of maintenance therapy, which can cause renal dysfunction. Induction therapy can be categorized into T-cell-depleting (e.g. OKT3, rabbit antithymocyte globulin, alemtuzumab) and nondepleting agents (e.g. daclizumab, basiliximab). The frequency of use of induction differs according to organ transplant type, from 25-30% in liver recipients up to 80% in renal transplant recipients. 23, 24 Evidence for risk of cSCC following induction therapy is inconclusive, and there is a need for further study of these therapies, including the potential magnitude of the effect of different induction drugs on cSCC and how it relates to other risk factors.
Common regimens for maintenance therapy include a calcineurin inhibitor (e.g. ciclosporin, tacrolimus), an antiproliferative agent (e.g. azathioprine, mycophenolate mofetil) and steroids. More recently, mTORi such as sirolimus and everolimus, have been introduced as alternative immunosuppressant drugs (Fig. 1) . Demonstrating both immunosuppressive and anticarcinogenic effects, mTORi are associated with a reduced risk of post-transplant skin cancer. 25 Belatacept is a biological immunosuppressive agent, which was approved for renal transplant recipients in 2012. In a recent, long-term, phase III study, belatacept was shown to be significantly associated with a reduction in mortality and graft loss compared with ciclosporin. The impact of belatacept on subsequent cSCC development has not been extensively assessed and needs further study. 26 Revision of maintenance therapy should be considered in the prevention of additional primary cSCC after multiple or aggressive cSCC, but may also be effective against skin cancer development after a single cSCC. 27, 28 Revision can be achieved by discontinuing, changing the type or modifying the intensity of immune-suppressive therapy. As compared with newer immunosuppressive regimens, older immunosuppressive agents, including azathioprine and ciclosporin, have been associated with a higher risk of cSCC (Fig. 1) . [29] [30] [31] This is well-documented for azathioprine, 29 whereas the evidence is more controversial for ciclosporin. 31, 32 Conversion from azathioprine to mycophenolate mofetil should always be considered for OTR with multiple cSCC, but azathioprine and ciclosporin are now rarely used in standard maintenance immunosuppressive regimens. 30, 32, 33 Another strategy for revision of immunosuppression is conversion from calcineurin inhibitors to mTORi. Growing evidence now suggests that it may be preferable to convert to mTORi to prevent subsequent cSCC after the first post-transplant cSCC but does currently not support a beneficial effect for mTORi before initial post-transplant skin cancer. 28, 34, 35 However, significant gaps still exist in our understanding of mTORi: their use is limited by a relatively high rate of discontinuation, mainly because of side effects. 25, 36, 37 In addition, an increased risk of death [hazard ratio (HR) 1Á43, 95% confidence interval (CI) 1Á21-1Á71], primarily attributed to infection and cardiovascular disease, was recently identified in a review and meta-analysis of 21 randomized controlled trials (RCTs) of sirolimus (n = 5876), 34 although when restricted to low-dose sirolimus trials, the reduced risk of keratinocyte carcinoma (KC) with sirolimus persisted (HR 0Á43, 95% CI 0Á24-0Á78), whereas the risk of death was no longer statistically significant (HR 1Á07, 95% CI 0Á81-1Á41). 34 Accordingly, sirolimus may have a specific threshold at which prevention of skin cancer is balanced with minimization of adverse events, and it may be useful for highly selected patients, for example those with aggressive cSCC disease, where benefits outnumber disadvantages. Future studies should test these hypotheses and be designed to elucidate how prior number of actinic keratoses (AK)/cSCC and aggressiveness of cSCC should influence choice and timing of immune modulation. Well-designed observational studies based on data from solid-organ transplant registries capturing KC and AK outcomes could be valuable, because they may have enough power to detect both treatment effects in subpopulations and rare side-effects in general.
Assessing quality of life in organ transplant recipients with cutaneous squamous cell carcinoma
Quality of life (QoL) is a construct that expresses subjective well-being, lack of disease-or treatment-related symptoms, positive social function and freedom from psychological distress. It is measured by observing or interviewing the patient or via questionnaires, although such measurement studies have been few in patients with KC overall and even fewer in OTR. Existing evidence from immunocompetent patients suggests that treatment of AK or occasional KC does not reduce QoL, 38, 39 but those with high morbidity, for example after extensive reconstruction, are more likely to suffer poor QoL. 40 Thus, long-term OTR with an exceptionally high number of cSCC appear likely to suffer poorer QoL than OTR without cSCC, although research is needed to establish the relative deficit in QoL, taking account of potential confounding factors, such as age and duration of immunosuppression. Information on QoL is needed to inform treating physicians attempting to balance the strong wishes of OTR to avoid dialysis and maintain stable, satisfactory transplant function vs. the carcinogenic effects of long-term immunosuppressive therapy. 18 As always, the ultimate decision is one that would be jointly determined by the patient and physician.
Prevention of cutaneous squamous cell carcinoma in organ transplant recipients
Field-based therapies for actinically damaged skin AK are precancerous lesions and a marker of chronic sun damage. AK may progress to cSCC, providing a rationale for the potential benefit of field-based therapies for actinically damaged skin. Imiquimod, 5-FU and diclofenac have all been investigated as topical treatment options for AK in OTR. Imiquimod is a topical immune modulator deemed safe for use in the transplant population with no adverse effects of systemic immune activation leading to subsequent organ rejection. 41 In one study of heart, lung and liver transplants, the application of imiquimod 5% therapy three times per week for 16 weeks on a 100 cm 2 area of skin led to a 62% clearance rate. 42 Many different dosing regimens and treatment durations of imiquimod may be effective for the treatment of AK, but the optimal dosing and duration of treatment has not been established in OTR. Additionally, there is a risk of cytokine release syndrome when applied over a large surface area and further studies are needed to determine this risk. 43 Imiquimod is used in OTR with caution owing to the possible risk of increasing immunoreactivity and organ rejection. 44, 45 5-FU interferes with cellular DNA synthesis, with resultant cell death. Ingham and Weightman examined the safety and efficacy of 5% 5-FU cream applied twice daily for 3 weeks in OTR and reported that 12 months after the initiation of treatment, 71% of patients had a 75% or greater clearance AK numbers. 46 However, the use of 5-FU is limited by patient compliance because treatment duration is often long (3-6 weeks) and cyclical use is required for ongoing efficacy.
The nonsteroidal anti-inflammatory agent diclofenac inhibits the cyclo-oxygenase pathway and diclofenac 3% gel twice daily for 16 weeks led to a 41% clearance of AK in OTR. 47 Ingenol mebutate, a macrocyclic diterpene ester, is the newest available agent, demonstrating AK clearance rates of up to 34-42%, but has yet to be fully evaluated in OTR. 48 The notable advantages of ingenol mebutate are the short duration of treatment, which may increase adherence and relative rapid resolution of local irritation. However, the cost of ingenol mebutate for patients must be considered, as well as adverse cutaneous effects. Clinical trials determining safety and efficacy of ingenol mebutate treatment of AK in OTR are currently ongoing (www.clinicaltrials.gov; identifier NCT02473848 and NCT02866695).
Photodynamic therapy is a highly effective method that combines the use of a photosensitizing agent with targeted phototherapy and is a safe, well-tolerated approach for treatment of AK in OTR, but appears to have lower long-term effectiveness in OTR. 49 Further head-to-head studies are needed to determine the treatment that is associated with the highest clearance rate and best adherence in OTR. There is also a need for longer-term studies that can demonstrate that topical approaches to treating field damage can lead to prevention of cSCC.
Chemoprevention Retinoids
Systemic retinoids, including acitretin, isotretinoin and etretinate, have been used in systemic chemoprevention of OTR cSCC. A systematic review suggests they are safe for short-term use in the organ transplant population. 18 Systemic retinoids are generally reserved for OTR who are actively developing skin cancers (e.g. > 5 per year). 5 In a retrospective study, there was a significant reduction in cSCC development for the first 3 years after acitretin treatment, 50 and three RCTs in OTR have confirmed a significant reduction in AK and/or cSCC up to 2 years post-transplant. 18 In general, systemic retinoid therapy must be maintained long-term to achieve effectiveness, and discontinuation may lead to a significant rebound in cSCC. 50 Future studies are needed to establish the long-term efficacy of systemic retinoids as chemopreventive agents in the organ transplant population.
Nicotinamide
Nicotinamide is an amide form of vitamin B 3 that prevents ATP depletion and enhances DNA repair. Oral nicotinamide reduces ultraviolet radiation (UVR)-induced immunosuppression, 50 and in a phase III RCT reduced the incidence of AK and KC in immunocompetent patients. 51 However, the study population did not include OTR and those who were immunosuppressed were also excluded from the trial. It is unclear whether similar benefits would be generalizable to the OTR cohort as a result. In a recent phase II RCT, nicotinamide was associated with a statistically nonsignificant reduction of KC and AK in OTR. 52 Nicotinamide is typically well tolerated with a minimal side-effect profile and is widely available over the counter, although there are no long-term safety data in OTR. Larger phase III RCT studies investigating the role of nicotinamide in OTR would significantly contribute to filling this important gap.
Capecitabine
Capecitabine is a prodrug of 5-FU that is metabolized by thymidine phosphorylase, which is often overexpressed in certain carcinomas. Low-dose oral capecitabine has been used for chemoprevention in OTR who develop more than two cSCC in 6 months. 53 It is also used in those who continue to develop KC despite treatments with oral retinoids, photodynamic therapy, topical chemotherapies or after optimization of immunosuppressive regimens. 53 One small case series demonstrated that low-dose capecitabine significantly reduced the incidence of cSCC in OTR, with relatively manageable adverse effects. 53, 54 These data are encouraging, but the data are derived from small study cohorts. Further large, randomized studies are now necessary to determine the long-term efficacy and safety of capecitabine as a chemopreventive agent in OTR.
Modifying sun-protection behaviour in organ transplant recipients
Sun exposure is the most significant modifiable environmental risk factor for the development of cSCC in OTR. It has been well documented that OTR have insufficient knowledge about the consequences of sun exposure, as well as inadequate sunprotective behaviour, 55 highlighting the need for more effective educational interventions. Factors that affect sun-protective behaviour have been identified in OTR, 56 and several educational interventions have been evaluated for short-term efficacy (≤ 2 years). Successful strategies that have promoted sunprotective habits in OTR include counselling from dermatologists, written information pamphlets, word books with and without repetitive text/e-mail reminders tailored to weather conditions and mobile medical applications. 57, 58 However, the proportion of sun-protective behaviour compliance among OTR postintervention differed widely across studies, and may differ even more long term. Further identification of effective education programmes that encourage sustainable, long-term modifications in sun behaviour for the OTR population is needed.
There is also a critical lack of primary prevention studies with clinically significant end points, such as the presence of precancerous lesions. 57 Indeed, the evidence that modifying ultraviolet protective behaviour prevents cSCC in OTR is very limited. Only one prospective, nonrandomized study from Germany has considered these end points among 120 OTR and found that 2 years of regular vs. discretionary sunscreen use prevented development of AK and subsequent cSCC in OTR. 59 Although this study provides an encouraging signal that regular sunscreen use may reduce cSCC risk in OTR, it will need to be replicated in randomized studies, one of which is in progress (www.clinicaltrials.gov; identifier NCT01532453) along with studies of effectiveness of other primary prevention measures besides sunscreen application in reducing AK and cSCC risk. Novel approaches to photoprotection have been investigated in OTR, but results from clinical trials are not yet available: T4 endonuclease V (T4N5) is an enzyme involved in the repair of DNA damage after exposure to UVR, and a phase II study investigating the safety and efficacy of T4N5 lotion in preventing KC in OTR is underway (www.clinicaltrials.gov; identifier NCT00089180). Afamelanotide is a more potent and longer-acting chemical analogue of a-melanocyte-stimulating hormone administered by subcutaneous pellet and results of a multicentre, randomized, double-blind, placebo-controlled phase II trial to investigate its efficacy in reducing AK and cSCC in OTR are also awaited (www.clinicaltrials.gov; identifier NCT00829192).
Glucocorticoid 62 Although available HPV vaccines show high efficacy in preventing high-risk a-HPV infection and partial cross-protection against the other a-HPV types, 63 it is unclear whether these vaccines cross-protect against b-HPV types. Currently, novel vaccines that offer cross-reactivity against b-HPV types are being developed, and may have promise in prevention of cSCC. 64 It is critical to determine if there is a role of b-HPV in skin carcinogenesis in OTR independent of UVR, because b-HPV vaccines could be efficacious in helping prevent post-transplant cSCC in OTR along with sun protection, particularly if administered prior to organ transplantation.
Early detection: screening frequency
The U.S. Preventive Services Task Force recently stated that there is insufficient evidence to recommend screening for skin cancer in the general population. 65 The goal of screening and surveillance in OTR is to facilitate early detection and treatment of KC, and potentially improve prognosis. Ideally, the time interval of surveillance should be short enough to detect true precursors of malignant lesions, and long enough to avoid overuse of available resources. Most available guidelines of KC screening intervals in OTR are based on retrospective data, and risk stratification is determined by history of cutaneous malignancy. 5, 66, 67 The American Society of Transplantation recommends full-body skin examinations by 'a qualified health professional, with experience in diagnosing skin cancer' every 12 months, 68 and full-body skin examinations are also commonly recommended in other expert consensus guidelines every 12 months for OTR with no skin cancer history, 6 months for AK or one KC, 3 months for those with multiple KC or high-risk cSCC and 1-3 months for metastatic cSCC. 5, 66, 67 However, with the growing patient populations of OTR, the challenge for healthcare resources of such an approach could prove considerable, and evaluation of the current guidelines for OTR in prospective clinical studies is important to ensure that surveillance protocols are optimally deployed. A few studies have addressed this area prospectively and indicate that the surveillance interval of selected patients could be increased without compromising safety. 69, 70 In these studies, models were developed to predict the optimum interval of cutaneous surveillance, based on several predictors of KC, including history of skin cancer, age, Fitzpatrick skin type and episodes of sunburn. However, the relative importance of risk factors may differ across countries with different ethnic distributions and geographical locations.
There is a need to assess the clinical utility of these models in other populations and the role of pretransplant screening has yet to be validated. In addition, the effectiveness of regular skin self-examinations in early detection of cSCC in OTR has not yet been addressed.
Conclusion
This review highlights key areas and gaps in clinical evidence for management and prevention strategies of cSCC in OTR. The OTR population is at high risk for keratinocyte carcinogenesis and important data-driven advancements in therapeutic and preventives strategies to reduce cSCC risk are urgently needed. Furthermore, findings from the transplant population have the potential to inform the management and therapy in the general population, in whom keratinocyte cancers are the most common human malignancy.
